Adult neurogenesis represents a unique form of plasticity in the dentate gyrus requiring the presence of long-lived neural stem cells (LL-NSCs). However, the embryonic origin of these LL-NSCs remains unclear. The prevailing model assumes that the dentate neuroepithelium throughout the longitudinal axis of the hippocampus generates both the LL-NSCs and embryonically produced granule neurons. Here we show that the NSCs initially originate from the ventral hippocampus during late gestation and then relocate into the dorsal hippocampus. The descendants of these cells are the source for the LL-NSCs in the subgranular zone (SGZ). Furthermore, we show that the origin of these cells and their maintenance in the dentate are controlled by distinct sources of Sonic Hedgehog (Shh). The revelation of the complexity of both the embryonic origin of hippocampal LL-NSCs and the sources of Shh has important implications for the functions of LL-NSCs in the adult hippocampus.
INTRODUCTION
There are two sites of adult neurogenesis in the rodent CNS: the cortical subventricular zone (SVZ) and the dentate subgranular zone (SGZ) in the hippocampal formation. In the dentate gyrus (DG), adult neurogenesis refines network functions by constant addition of new neurons to the granule cell layer (GCL) (Clelland et al., 2009; Li and Pleasure, 2010; Sahay et al., 2011) . However, little is known about the developmental program controlling the formation of the neurogenic niche where neurogenesis is sustained in the DG (Altman and Das, 1967) . Compared to the SVZ, the most pronounced feature of DG niche development is the complete dissociation of the long-lived neural stem cells (LL-NSCs) in the SGZ from the embryonic germinative zone (Altman and Bayer, 1990a; Li et al., 2009) .
Previous studies presumed that the LL-NSCs in the SGZ arise from the neuroepithelium adjacent to the cortical hem during embryonic development of the hippocampus (Li and Pleasure, 2005) , either directly translocating from the VZ to the dentate primordium (Eckenhoff and Rakic, 1984) or indirectly relocating from the migratory stream formed during late gestation (Altman and Bayer, 1990a) . This model is somewhat supported by the analysis of mutants defective either in cortical hem development or in the reception of key signals from the cortical hem. The cortical hem is a hippocampal organizer enriched in signaling molecules (such as Wnts and Bmps) that patterns the hippocampal neuroepithelium into functionally distinct subfields (Mangale et al., 2008) , including the primordium of the DG. The loss of the transcription factor Lef1, a mediator of the canonical Wnt signaling pathway, results in the underproduction of granule cells perinatally (Galceran et al., 2000; Zhou et al., 2004) and complete loss of the SGZ postnatally (Li et al., 2008) . Meanwhile, ectopic upregulation of canonical Wnt signaling in the hippocampal neuroepithelium is sufficient to promote granule cell fate (Machon et al., 2007) . These studies provide evidence that Wnt activity is critical for promoting granule cell fate prenatally. However, direct evidence supporting that SGZ LL-NSCs originate from the equivalent septotemporal level of the dentate neuroepithelium is still missing.
Recently, it has become clear that the Hedgehog (Hh) signaling pathway is prominently involved in SGZ development. The ablation of Smo, the obligatory receptor for Hh signaling (Machold et al., 2003) , or the impairment of primary cilia, an organelle essential for Hh signaling (Breunig et al., 2008; Han et al., 2008) , leads to SGZ deficiency but apparently still allows production of granule neurons at embryonic stages. Fate-mapping analysis also reveals that embryonic dentate NSCs are Hh responsive during late gestation before they populate their permanent niche in the dentate and that quiescent SGZ NSCs are still Hh responsive throughout adulthood (Ahn and Joyner, 2005; Encinas et al., 2011) . What is not clear from these studies is whether precursors in the embryonic dentate VZ are the Hh-responding cells and how the Hh-responding NSCs interact with the Hh-producing cells during relocation.
In this study, we set out to determine how Hh signaling controls the formation of the dentate SGZ by investigating when and where NSCs perceive Hh ligands before ultimately settling in the SGZ and, more importantly, to explore the germinative origins of LL-NSCs. We find that SGZ formation requires an extracortical source of Hh during late embryonic stages. More intriguingly, the ventral hippocampus is the main cellular source for the SGZ. Long-term fate-mapping analysis further confirms that the prenatal Hh-responding cells restricted in the amygdalo-hippocampal region contribute to the LL-NSCs of the SGZ. In contrast to long-held assumptions in the literature, these observations lead to a model that the LL-NSCs from the ventral hippocampus migrate along the longitudinal axis of the hippocampus from temporal to septal poles before settling. Subsequently, local neuronal sources of Shh maintain these LL-NSCs in the SGZ postnatally and throughout adulthood. The results of our study support the idea that the adult dentate gyrus is a mosaic structure. The embryonically produced DGCs from equivalent anatomic levels of the dentate in the septotemporal plane are supplemented by the DGCs whose progenitors originate from the most caudotemporal region of the ventral hippocampus. This raises new questions about the nature of the granule neuron heterogeneity and the regulation of neurogenesis.
RESULTS

Hh-Responsive Cells Are Concentrated in the Ventral Hippocampal Neuroepithelium during Late Gestation
Previous studies reported that during the last week of gestation in rodents, a migratory stream from the dentate neuroepithelium adjacent to the cortical hem courses through the fimbriodentate junction (FDJ) and either assumes a subpial route or fans out into the hilus (Altman and Bayer, 1990a; Li et al., 2009) . Prospective NSCs destined for the SGZ are believed to derive from this migratory stream (Altman and Bayer, 1990a) or directly translocate from the dentate primordium (Eckenhoff and Rakic, 1984) . Taking into consideration the findings that NSCs responding to Hh can be labeled during late gestation (Ahn and Joyner, 2005; Li et al., 2009 ) and that Hh-signaling is required to establish SGZ progenitors Machold et al., 2003) , we reasoned that upon perceiving Hh in the dentate VZ or along the migratory stream, precursors are induced or specified to become dentate NSCs. To test this hypothesis, we decided to begin with the Hh-responding line Gli1-nLacZ (Bai et al., 2002) to study the static distribution of Hh-responding cells at the perinatal ages when the prospective SGZ NSCs can be traced by the tamoxifen-inducible line Gli1-CreERT2 (Ahn and Joyner, 2005; Li et al., 2009) .
The rodent hippocampus is situated at the mediotemporal edge of the neocortex and straddles the thalamus along its septotemporal axis. Dorsal to the thalamus is the dorsal hippocampus, whereas ventral to the thalamus is the ventral hippocampus. Sagittal sections at different mediolateral levels (shown as schemas in Figures 1A and 1E ) allow us to comprehensively examine the distribution of Gli1-nLacZ+ cells throughout the developing hippocampus, including both the dorsal and ventral arms.
To our surprise, at E17.5 Gli1-nLacZ+ cells were basically absent from the dorsal dentate primordium (arrowheads in Figures 1B 0 and 1C 0 ). By contrast, Gli1-nLacZ expression occupied the whole VZ of the ventral hippocampus at the far end of the temporal pole (arrowhead in Figure 1B 00 ), about half at the midlevel (arrowhead in Figure 1C 00 ), but only about one-third at the transitional level (arrowhead in Figure 1D 0 ). At the most temporal level, Gli1-nLacZ+ cells were noticeably distributed from VZ to the forming DG (arrow in Figure 1B 00 ). By postnatal day 0 (P0), Gli1-nLacZ remained absent from the dorsal dentate primordium (arrowheads in Figures 1F 0 and 1G 0 ), and only sparse Gli1-nLacZ+ cells were detectable in the dorsal DG (arrows in Figures 1F 0 and 1G 0 ). However, Gli1-nLacZ expression now covered the whole VZ of the ventral hippocampus at all levels (arrowheads in Figures 1F 00 , 1G 00 , and 1H 0 ). Gli1-nLacZ+ cells were observed in the ventral-forming DG at the more lateral/septal level (arrows in Figure 1G 00 ). At the transitional level, Gli1-nLacZ+ cells were distributed from the ventral to the dorsal arm around the fimbria (arrows in Figure 1H 0 ). The perinatal distribution of Hh-responding cells in the hippocampus prompted us to investigate whether the descendants of these perinatal Hh-responding cells, when most of them are still restricted in the ventral hippocampus by birth, give rise to the NSCs that settle in the SGZ at all septotemporal levels.
Postnatal Fate-Mapping Analysis of Cells Responding to Hh at Prenatal and Perinatal Ages
In our previous study, we showed that some derivatives of the Hhresponding cells labeled at E17.5 constituted the postnatal radial glia in the SGZ of the DG (Li et al., 2009) . In light of our finding that Gli1-nLacZ+ cells mostly populated the VZ of the ventral hippocampus at this age, we wished to know how these cells contribute to the dentate gyrus at all septotemporal levels. To address these questions, we turned to fate-mapping analysis using the Gli1-CreERT2 line (Ahn and Joyner, 2004) crossed to the cre reporter line Ai14 (Rosa-CAG-LSL-tdTomato-WPRE) (Madisen et al., 2010) . After independent tamoxifen injections at E15.5, E17.5, or P0, the distribution of recombined cells was examined at P15 (Figures 2A-2I ). If the recombined cells generate the NSCs eventually located in the SGZ, we would expect that radial NSCs and clusters of granule cells (the progeny of the NSCs) would be labeled by tdTomato (tdT) expression by this age.
When tamoxifen was injected at E15.5, a small number of tdT+ clusters were found in the suprapyramidal blade of the ventral DG (arrowhead in Figure 2A ), whereas very few isolated tdT+ cells were seen in the transitional ventral DG (arrow in Figure 2B ) and in the dorsal DG (arrows in Figure 2C ). When tamoxifen was injected at E17.5, tdT+ clusters were found in the DG at all the septotemporal levels ( Figures 2D-2F ). At the current dosage of tamoxifen (3 mg/40 g animal), 69% ± 4% of the Blbp+ cells displaying radial orientation in the SGZ were also tdT+ at P15 (Figures S1B, S1B 0 , and S1C, available online), whereas 61% ± 6% of the Sox2+ cells were also tdT+ ( Figure S1A , S1A 0 , and S1C). The pattern of tdT+ clusters labeled at E15.5 showed minimal overlap with those labeled at E17.5, indicating that the effect of tamoxifen was transient and diminished by 48 hr. When tamoxifen was injected at P0, tdT+ clusters were found in the inner aspect of the GCL in the ventral DG (arrowheads in Figures 2G and 2H, the arrow in Figure 2H indicated the boundary between ventral and dorsal DG). Meanwhile, tdT+ clusters continued to heavily make up the dorsal DG at all levels ( Figure 2I ). Therefore, the Hh-responding cells in the ventral hippocampus start to make a large contribution to the ventral DG around E15.5 and to the dorsal DG around E17.5. appeared in the developing DG in a temporal (high)-to-septal (low) gradient. We define these two populations as early Hh-responding cells in the VZ of ventral hippocampus and late Hh-responding cells in the local DG, respectively. The expression of Gli1-nLacZ in the late Hh-responding cells might be due either to the retention of the LacZ protein after they leave their origin or to actively responding to local Shh after they reach the forming DG. We wished to determine the spatial relationship of the progeny of early Hh-responding cells relative to the late Hh-responding cells in the developing DG at birth. To address this, we examined the progeny of the Hh-responding cells marked by tamoxifen injection at E17.5 after crossing the Gli1-CreERT2 line with Ai14 in the mice also carrying Gli1-nLacZ to identify late Hh-responding cells at the same time points and anatomic levels. At P0, we examined the expression of both tdT and LacZ using alternate sagittal sections covering all septotemporal dentate levels (the complete data set is in Figure S1D ). X-gal staining rather than antibody staining was used to maximize the detection sensitivity for LacZ. Interestingly, at more temporal levels, tdT+ cells ( Figure 2M ) had a wider distribution than Gli1-nLacZ+ cells ( Figure 2J ). At more septal levels, tdT+ cells were still present (arrows in Figures 2N, 2N 0 , 2O, and 2O 0 ), (E) Schemas of Gli1-nLacZ distribution at P0 are shown at the three levels of the sagittal sections.
(F-H 0 ) From medial to lateral, three levels of sagittal sections for Gli1-nLacZ staining at P0 are shown. At P0, Gli1-nLacZ expression covers the whole VZ of the ventral hippocampus at all levels (F 00 , G 00 , and H 0 , arrowheads). By contrast, Gli1-nLacZ remains absent from the dentate primordium in the dorsal hippocampus (F 0 and G 0 , arrowheads). At the transitional level, Gli1-nLacZ+ cells spread from ventral to dorsal (H 0 , arrows). Sparse Gli1-nLacZ+ cells are also detected in the dorsal DG, displaying a gradient with the lowest in the septal pole (F 0 , G 0 , and H 0 , arrows).
Neuron
Dentate Stem Cell Origin whereas nLacZ+ cells were scarce ( Figure 2K ) or completely absent ( Figure 2L ) from the dentate plate, despite the presence of nLacZ+ cells in the meninges labeled by Laminin (presumed to be meningeal fibroblasts) ( Figure 2M ). These results demonstrated that progeny marked at E17.5 with the Gli1-CreERT2 line can reach more septal levels before late Hh-responding cells are established locally at the same septotemporal levels in the developing DG.
The Descendants of the Hh-Responding Cells from the Ventral Hippocampal VZ Display a Continuous Stream into the Dorsal DG The above data inspired us to determine the spatial connection between the progeny of the Hh-responding cells and the ventral hippocampal VZ. To do this, we initially analyzed the distribution of tdT+ cells 1 day after tamoxifen induction at E16.5 ( Figures  3A-3F ). We confirmed that heavy recombination indeed occurred in the VZ of temporal hippocampus (oval in Figure 3B ) but was completely absent from the VZ of the dorsal dentate (arrowhead in Figure 3C ). From temporal to septal hippocampus (arrows in Figures 3B, 3E , 3F, and 3C), the gradient distribution of tdT+ closely mimicked the pattern of Gli1-nLacZ+ cells at the similar age ( Figures 1B and 1C) . Then, we analyzed the representative sagittal levels ( Figures  3G-3I ) and the serial sagittal sections ( Figure S2 ) for the distribution of tdT+ cells at P0 with tamoxifen induction at E17.5. The tdT+ cells formed a continuous stream (arrows in Figure 3G 0 ) from the VZ at the temporal pole of the ventral hippocampus (white oval in Figure 3G 0 ) to the forming ventral dentate GCL, which showed close apposition to the meninges at the ventral fimbriodentate junction (vFDJ) (Figures 3G and 3G 0 ). Of note, the tdT+ cells seen in the mantle of the amygdalo-hippocampal region could have arisen from the amygdalo-hippocampal VZ (oval in Figure 3G 0 ). At the mediolateral level where the dorsal and ventral dentate gyri joined each other (green oval in Figures  3H and 3H 0 ), a large number of tdT+ cells were apparent. The higher cell density in this region probably indicated ongoing local proliferation. In the dorsal hippocampus, most tdT+ cells localized in the dorsal fimbriodentate junction (dFDJ) (green oval in Figures 3I and 3I 0 ), and some of them were distributed further into the hilus at the same longitudinal levels ( Figure 3I 0 ). The presence of the tdT+ cells near the upper blade indicated that there might be de novo induction of Hh-responding cells ( Figure 3I 0 ). Quite strikingly, the tdT+ cells at the dFDJ had little connection to the dorsal dentate neuroepithelium at any level and this cell population probably represented the ''intrinsic component'' first described by Altman and Bayer (1990a) . All these data taken together reinforce our model ( Figure 3J ) that the progeny of the Hh-responding cells from the ventral hippocampus VZ feed into the dentate gyrus during late gestation in the temporoseptal direction (red arrow in Figure 3J ), initially staying in the vFDJ/dFDJ close to the meninges and then radiating into the hilus before the SGZ forms.
Hh-Responding Cells in the Hippocampus of Hh-Signaling Mutants
What is the anatomic Shh source for the Hh-responding cells in the VZ of the ventral hippocampus? Previous studies suggested that Shh from the subpallial septum might regulate NSCs in the adult DG through the long-range axonal targeting via the septohippocampal pathway (Lai et al., 2003) . However, it is not clear whether Shh from the septum would regulate the developing DG, particularly at these ages when the septohippocampal projection is not yet fully developed (Supè r and Soriano, 1994) . In order to pinpoint the Hh-producing cells that interact with the dentate precursors, we compared the distribution of the Hh-responding cells around birth between Emx1cre-Shh and Emx1cre-Smo conditional mutants. If other Hh members (Dhh or Ihh) within the Emx1 domain or Hh sources (Shh or other members) outside the Emx1 domain (essentially the dorsal forebrain) were required for the development of the DG, Hh-responding cells would be expected to be unaffected in the Emx1cre-Shh cKO.
By crossing Emx1cre to the cre reporter Rosa-Yfp, we confirmed that at P1 Emx1-cre showed recombination in the ventral hippocampus ( Figure 4B ), including its VZ (Figures S3B and S3B 0 ). By P1, Gli1-nLacZ+ cells were found in the dorsal DG of the wild-type control ( Figure 4C ) but were mostly absent from the Emx1-Shh cKO at the same anatomical level ( Figure 4E ). When one copy of the Gli1-nLacZ was present, Gli1-nLacZ+ cells were completely abolished throughout the DG along the whole longitudinal axis in both Emx1-Shh and Emx1-Smo cKOs ( Figures 4E-4H ). However, the Gli1-nLacZ+ cells in the VZ of the ventral hippocampus were entirely missing only in Emx1-Smo mutants (arrowheads in Figure 4H 0 ), not Emx1-Shh mutants (arrowheads in Figure 4F 0 ), even though they were not as abundant as in the control (arrowheads in Figure 4D 0 ). In the Emx1-Shh cKO, Gli1-nLacZ+ cells (likely due to the slow turnover of nLacZ) were also detected in a region slightly away from the VZ of the ventral hippocampus (arrows in Figure 4F 0 ), as in the control (arrows in Figure 4D 0 ). It has been reported that Gli1-nLacZ expression is affected by the functional copy number of Shh (Garcia et al., 2010) . We reasoned that different copy numbers of Shh and Gli1-nLacZ would give us further insights into the formation of Gli1-nLacZ+ cell stream from the VZ of the ventral hippocampus and the de novo induction of Hh-responding cells in the forming DG. To facilitate the analysis, the developing dorsal dentate can be divided into upper and lower portions by a line connecting the tip of the CA3 field and the apex of the dentate pole. In relation to the Gli1 Z/+ ;Shh F/F animals (Figures S3D, S3D 0 , S3E, and S3E 0 ), when one copy of the Shh flox allele was replaced with an Shh null allele in the Gli1 Z/+ ;Shh F/À animals, the number of Gli1-nLacZ+ cells in the dorsal dentate was dramatically reduced in both portions (Figures S3F and S3F 0 ), the Gli1-nLacZ expression showed a decreased level in the VZ of the ventral hippocampus, and the stream of the Gli1-nLacZ+ cells emanating from the VZ was also reduced (Figures S3G and S3G 0 ;Ai14 F/+ animals are shown 2 days after tamoxifen (TM) induction at E17.5. The three representative sagittal sections are chosen to highlight the main features of the tdT+ cells from the newborns (P0), whereas a series of sections from every 60 mm are shown in Figure S2 . The progeny of Hh-responding cells are identified by tdT expression. Throughout the whole hippocampus, the VZ of the temporal hippocampus is the most heavily labeled by tdT (white oval in G 0 ).
There is a remarkable cell stream in the vFDJ regions (arrows in G 0 ). The tdT+ cells are continuous from the vFDJ into the dFDJ at the transitional level (green oval in H and H 0 ) and taper off in the dorsal hippocampus toward the septal pole (green oval in I and I 0 ). The thickness distance as micron from the first section (in the Figure S2 ) is shown at the bottom-right corners in (G), (H), and (I). dFDJ, dorsal fimbriodentate junction; vFDJ, ventral fimbriodentate junction.
(J) The schema shows that the temporal-to-septal distribution (red arrow) of the progeny of the Hh-responding cells originated from the VZ of the ventral hippocampus at the perinatal age. In addition, the VZ of the amygdalo-hippocampal region also gives rise to other cells in different directions (purple arrows).
Shh floxed allele were removed from the pallial neuronal lineage (Goebbels et al., 2006 ) (Figures S3L, S3L 0 , S3M, and S3M 0 ) but not the ventral hippocampal VZ ( Figures S3C and S3C 0 ). Therefore, Shh from the neuronal cells within the Emx1 domain contributes to the de novo Hh-responding activity seen locally in the DG, whereas Hh from outside the Emx1 domain is responsible for the Hh-responding activity in the VZ of the ventral hippocampus in the Emx1 cre/+ ;Gli1 Z/Z ;Shh F/À animals. This somewhat unexpected finding led us to ask whether Shh was the only Hh family member responsible for the Hh-responding activity in the amygdalo-hippocampal region. We used the CNS-specific cre (NesCre) to conditionally remove Shh. The NesCre-Shh conditional mutants showed complete absence of Hh-responding cells in both DG ( Figure 4I ) and the VZ ( Figures 4J and 4J 0 ) of the ventral hippocampus. The CA fields in the ventral hippocampus also showed a distorted appearance due to the development of hydrocephalus and/or patterning defects in the NesCre-Shh conditional mutant ( Figure 4J and data not shown). Therefore, we conclude that Shh is the sole ligand required for Hh-responding cells in the ventral hippocampus but that Shh is produced by both a local source for the forming DG and an extracortical source for the VZ of the ventral hippocampus.
Crossing Shh-Gfpcre mice with Ai14 allowing cumulative fate mapping for Shh-expressing cells revealed that a domain of tdT+ cells was localized within the amygdala, close to the ventral hippocampus (arrow in Figure 4K ). By crossing the tamoxifen-inducible Shh-CreERT2 line with Ai14, a subset of tdT+ were found in the same amygdalar domain when the expression was examined at P1 after tamoxifen injection at E17.5 ( Figure 4L ), suggesting that amygdalar Shh was actively expressed at E17.5. This is in line with the Shh mRNA expression pattern in the Allen Brain Atlas Database (http://developingmouse.brain-map.org/ data/search/gene/index.html?term=shh). These tdT+ cells coexpressed the transcription factor Nr2f2 (displaying high level of expression in the amygdala) (arrows in Figure 4M ) but were excluded from the Otp domain ( Figure 4L ). The timing and location of the Shh expression in the amygdala suggested that it is a likely Shh source regulating the Hh-responding cells in the ventral hippocampus.
Shh-Signaling Conditional Mutants Support a Complex Anatomical Origin for Dentate Stem Cells
The analysis above showed that all the Hh-responding activity was abolished in both the hilar region and the VZ of the ventral hippocampus in the Emx1-Smo cKOs, whereas in the Emx1-Shh cKOs, Hh-responding activity was eliminated only in the hilar region but was still present in the VZ of the ventral hippocampus. We wished to further examine the migratory streams of the developing DG in the Emx1-Shh cKOs and Emx1-Smo cKOs with the generic proliferation marker Ki67 ( Figures  5A-5G ) and neurogenic precursor marker Tbr2 (Figures 5H-5N) .
The removal of the obligatory Hh coreceptor Smo from the pallial region by Emx1-cre resulted in a severe reduction of Ki67+ cell density by 75% ± 2% in the hilar region at the transitional level of the DG (arrows in Figure 5B ) in relation to the control (arrows in Figure 5A ). However, the removal of Shh by the same cre driver only led to a moderate proliferation decrease by 22% ± 5% (arrows in Figure 5C ). Noticeably, compared to the control (arrowheads in Figure 5A ), Ki67+ cells at the entrance of hilus from the ventral hippocampus were more affected in the Emx1-Smo cKO (arrowheads in Figure 5B ) than the Emx1-Shh cKO (arrowheads in Figure 5C ). Similarly, Ki67+ and Tbr2+ cells in the dorsal FDJ were significantly diminished by 71% ± 2% and 63% ± 3%, respectively, in the Emx1-Smo cKO (arrows in Figures 5E and 5I) but only slightly decreased by 19% ± 5% and 3% ± 5%, respectively, in the Emx1-Shh cKO (arrows in Figures  5F and 5J) , as compared to the control (arrows in Figures 5D and  5H ). In contrast, the dorsal SVZ of the dentate was minimally affected in both Emx1-Smo and Emx1-Shh cKOs, as judged by Ki67 and Tbr2 (arrowheads in Figures 5D-5F and 5H-5J, respectively). Tbr2+ cells in the migratory stream of the ventral hippocampus were also reduced by 55% ± 3% in the Emx1-Smo cKO but had little change (104% ± 3% over the control) in the Emx1-Shh cKO (arrows in Figures 5K-5M ). All these data strengthen the model that progeny of the Hh-responding cells from the VZ of the ventral hippocampus serve as the critical source for the cells migrating into the dorsal DG and an Shh source outside the Emx1 domain essentially controls the size of this stream, whereas the role of local Shh source in the DG is dispensable for this process.
Shh Sources for the Postnatal Dentate Gyrus
The cumulative fate-mapping analysis with the Shh-gfpcre line (Harfe et al., 2004) showed complex dynamics of distribution for the Shh-lineage in the developing DG. Some of the cells derived from the Shh lineage were oligodendrocyte progenitors in the prenatal and perinatal DG (Figures S4A-S4C) . However, conditional mutant mice deleting Shh from the oligodendrocyte lineage with Olig2-cre (Schü ller et al., 2008) had very little alteration to the Hh-responding cells in the DG as examined at P7 ( Figure S4D ). The Shh-lineage was fate mapped postnatally to the hilar mossy cells, as defined by Calretinin+ staining in the dorsal DG ( Figures 6A, 6A 0 , and 6A 00 ) but not the ventral DG (Figures 6B, 6B 0 , and 6B 00 ). Mossy cells derived from the Shh lineage projected to the inner molecular layer of the DG ( Figures 6A  and 6A 00 ). In addition, neurons in the medial entorhinal cortex (MEC) (Figures S4E-S4G) , which project to the middle molecular layer of the DG (Figures 6A 00 and 6B 00 ), were also part of the Shh lineage.
In order to evaluate the contribution of neuronal (mossy cells and/or MEC) Shh to the Hh-responding activity in the postnatal DG, the distribution of Gli1-nLacZ+ cells was examined at P7 in the mutant mice in which Shh was conditionally removed from the neocortical and hippocampal neurons by Neurod6-cre (Goebbels et al., 2006) . Compared to the control ( Figures  6C and 6F ), the loss of Hh-responding activity in the hilus of Neurod6-Shh cKO ( Figures 6E and 6H ) was almost as effective as Emx1-Shh cKO ( Figures 6D and 6G) . Therefore, the neuronal Shh is the key source responsible for the Hh-responding activity locally in the DG.
The Role of the Local Shh in SGZ Formation and Maintenance
Our data favor the model that ventral hippocampus-derived NSCs contribute to the NSCs in the SGZ. However, if the local Shh plays a critical role in the formation of the SGZ, its absence would result in severe SGZ deficiency. To test this, we looked into SGZ formation at P15 by removing either Smo or Shh from the hippocampus with Emx1-cre and compared their phenotypes for SGZ formation. In relation to the control ( Figure 7A ), there was a complete lack of the radial glia marker Blbp in the SGZ of Emx1-Smo cKO ( Figure 7B ) but only a mild decrease of the Blbp cell density by 28% ± 4% in the SGZ of Emx1-Shh cKO ( Figures 7C and 7I ) and 18% ± 3% in Neurod6-Shh cKO ( Figures 7D and 7I) . Consistently, the radial glial scaffolding in the DG, visualized by Gfap staining, was severely affected in the Emx1-Smo cKO but relatively intact in the Emx1-Shh cKO and Neurod6-Shh cKO ( Figures S5A-S5D and S5A 0 -S5D 0 ). In addition, we examined the length of the two blades of the dentate gyrus among these mutants. In comparison with the control, the length of the upper and lower blades were 61% ± 1% and 24% ± 1% in the Emx1-Smo cKO, whereas they were 81% ± 5% and 76% ± 3% in the Emx1-Shh cKO and 102% ± 4% and 98% ± 3% in the Neurod6-Shh cKO ( Figure S5E ). Compared to the complete absence of proliferation in the SGZ of Emx1-Smo cKO ( Figure 7F , Figures S5G and S5G 0 ), there was a relatively milder proliferation defect in the Emx1-Shh cKOs and Neurod6-Shh cKOs as judged by Ki67 (a decease by 35% ± 3% and 27% ± 2%, respectively, Figures 7G, 7H , and 7J, in relation to the control) and Tbr2 (a decrease by 60% ± 7% and 38% ± 4%, respectively, Figures S5F-S5I As we showed previously that de novo local Hh-responding activity was mostly abolished in the Neurod6-Shh cKO (Figures 6E and 6H, and Figures S3L and S3L 0 ), we asked in the same genetic background whether Hh-responding cells from the ventral Compared to the control (100% ± 6% and 100% ± 6%), the Ki67+ cell densities found in the hilus (orange) and d-FDJ (green) are only 25% ± 2% (n = 5, p < 0.001) and 29% ± 2% (n = 5, p < 0.001) for the Emx1-Smo cKO, whereas they are 78% ± 5% (n = 5, p < 0.05) and 81% ± 5% (n = 5, p < 0.05) for the Emx1-Shh cKO. In the dg-SVZ (yellow), the Ki67+ cell densities in the Emx1-Smo cKOs and Emx1-Shh cKOs are 77% ± 3% (n = 5, p = 0.13) and 89% ± 6% (n = 5, p = 0.42) as much as the controls (100% ± 12%). In the dg-SVZ (yellow), Tbr2+ cell densities are comparable among the three genotypes: 100% ± 5% for the control, 108% ± 3% for the Emx1-Smo cKO (n = 5, p = 0.39), and 107% ± 4% for Emx1-Shh cKO (n = 5, p = 0.58). However, compared to the control (100% ± 8% and 100% ± 6%), the Tbr2+ cell densities found in the d-FDJ (green) and v-FDJ (cyan) are 37% ± 3% (n = 5, p < 0.001) and 45% ± 3% (n = 5, p < 0.001) for the Emx1-Smo cKO, whereas they are 97% ± 5% (n = 5, p = 0.6) and 104% ± 3% (n = 5, p = 0.14) for the Emx1-Shh cKO. Data are shown as mean ± SEM and p values for the indicated sample sizes are returned by Student's t test for two-tailed distribution with unequal variance. dg-SVZ, subventricular zone of dentate gyrus; gcl, granule cell layer; d-ca3, dorsal CA3; v-ca3, ventral CA3; H, hilus; d-FDJ, dorsal fimbriodentate junction; v-FDJ, ventral fimbriodentate junction; d-fim, dorsal fimbria; v-fim, ventral fimbria.
hippocampus can contribute to dorsal dentate development, in particular, SGZ formation, by genetic fate-mapping analysis with the Gli1-CreERT2 line. For that purpose, we examined animals by P15 with tamoxifen injection at birth using Ai14 as the cre reporter. We confirmed that Neurod6-cre showed recombination activity mostly in the outer GCL with little in the inner GCL (Figures 7K and 7K 0 ) but not in the SGZ at all ( Figure 7K 00 ) (Goebbels et al., 2006 Figure 7M 00 ). These data taken together indicate that even in the absence of local Shh in the forming DG, de- scendants of Hh-responding cells in the ventral hippocampus still contribute to the GCL and a few of them also take up residence in the SGZ, whereas in the presence of local Shh, more descendants can be retained in the SGZ, supporting the idea that the local Shh serves to maintain NSCs in the SGZ.
The Descendants of the Prenatal Hh-Responding Cells Contribute to the LL-NSCs in the SGZ
The long-term fate of the descendants derived from the prenatal Hh-responding cells has not been determined yet. By crossing the Gli1-CreERT2 line with the cre reporter Ai14, we could evaluate the tdT-expressing cells over a long time after tamoxifen injection at E17.5. In order to increase neurogenesis in aging animals (van Praag et al., 2000) , we also subjected them to environment enrichment (EE) for 2 months and then examined the SGZ when they reached 1 year of age ( Figure 8A) . A number of radially oriented tdT+ cells still retained the expression of the radial glia marker Blbp (arrows in Figures 8B and 8C ). More importantly, some of the tdT+ cells also expressed the immature neuronal marker Dcx (arrows in Figures 8D and 8E) . Therefore, some of the descendents derived from the prenatal Hh-responding cells maintain the characteristics of NSCs and they are still neurogenic even in aged animals.
DISCUSSION
Since the discovery of neurogenesis in the adult rodent hippocampus (Altman and Das, 1967) , the central question of where and how the LL-NSCs relocate to the SGZ of the DG has remained unresolved. Identification of the embryonic origin of the LL-NSCs is the first and perhaps the most important step (legend continued on next page) toward a thorough understanding of this complex developmental process. It has been assumed in the literature that the resident NSCs in the SGZ come from the dentate primordium/VZ at the equivalent longitudinal level (Altman and Bayer, 1990a; Eckenhoff and Rakic, 1984; Li and Pleasure, 2005) . In this study, we provide evidence that NSCs from the ventral hippocampus contribute to the development of the SGZ throughout the longitudinal axis of the hippocampus. Moreover, the analysis of the interaction between Hh-responding and Hh-producing cells in the perinatal and postnatal DG not only lends extra support for this model but also reveals the distinct roles of Shh from the different sources in SGZ formation and maintenance.
The Ventral Hippocampus Contributes to the Neural Stem Cells in the Subgranular Zone How to keep track of the long-term behaviors of the embryonic NSCs is the main challenge in studying the embryonic origins of adult LL-NSCs. First of all, the markers (such as Nestin, Gfap, Blbp, Glast, etc.) commonly used to label embryonic NSCs may not reliably predict their future fates, since embryonic NSCs can lose their ''stemness'' due to proliferation/differentiation during development; second, it is still hard to predict cell fates by simply referring to their initial anatomical locations, since there is a drastic reorganization during the development of the dentate gyrus; third, the relatively long developmental process to establish the SGZ makes time-lapse imaging techniques impractical. In light of these technical considerations, inducible genetic fate-mapping tools are the most powerful way to address this issue (Joyner and Zervas, 2006) . Examining the genetically tagged progeny of embryonic NSCs opens up the possibility of following the temporal lineage allocation and teasing out the temporal contribution of embryonic NSCs of distinct origins to adult hippocampal LL-NSCs in the SGZ. Our static analysis of the developing hippocampus showed the predominant localization of Gli1-nLacZ+ Hh-responding cells in the VZ of the amygdalo-hipppocampal area during late gestation and a gradient of Gli1-nLacZ+ cells in the temporoseptal direction at perinatal ages, providing the first hint that embryonic NSCs in the ventral hippocampus may be the potential source for the LL-NSCs in the SGZ of the dorsal DG. This notion is further strengthened by our fate-mapping analysis. At E17.5, most Hh-responding cells were still restricted to the ventral hippocampus, the progeny of which could be genetically marked with the Gli1-CreERT2 upon tamoxifen induction; these cells were later found in the postnatal SGZ at all septotemporal levels. De novo Hh-responding cells also gradually appeared locally in the hilus of the dorsal hippocampus postnatally; however, the progeny of the Hh-responding cells derived from the ventral hippocampus appeared at more septal levels along the longitudinal axis in the dorsal DG before the local Hh-responding cells were detected. The functional significance of the ventral hippocampus-derived NSCs is further established by the regional manipulations of Shh signaling. In addition to confirming that Hh-signaling is essential for the development of the NSCs in the SGZ Machold et al., 2003) , the SGZ (E-H) Proliferative Ki67+ cells in the SGZ are shown for the control (E), Emx1-Smo cKO (F), Emx1-Shh cKO (G), and Neurod6-Shh (H). Ki67+ cells are completely abolished in the Emx1-Smo cKO (F) but only mildly affected in the Emx1-Shh cKO (K) and Neurod6-Shh cKO (H). (I) Quantification of Blbp+ cell densities in the SGZ is made for the control, Emx1-Shh cKO, and Neurod6-Shh cKO. It is 72% ± 4% (n = 5, p < 0.01) in the Emx1-Shh cKOs and 82% ± 3% (n = 5, p < 0.01) in the Neurod6-Shh cKOs, as compared to the controls (100% ± 6%). (J) Quantification of Ki67+ cell densities in the SGZ is made for the control, Emx1-Shh cKO, and Neurod6-Shh cKO. It is only 65% ± 3% (n = 5, p < 0.01) in the Emx1-Shh cKOs and 73% ± 2% (n = 5, p < 0.01) in the Neurod6-Shh cKOs, as compared to the controls (100% ± 7%). (K-M 00 ) Fate-mapping analysis in the absence of local Shh in the DG. Animals are examined by P15 with tamoxifen injection at birth using Ai14 as the cre reporter.
In Neurod6 cre/+ ;Ai14 deficiency in the Emx1-Smo cKOs directly supports the notion that SGZ NSCs arise exclusively from the Emx1 domain. When Shh was removed from the entire Emx1 domain, local Hh-responding cells in the DG were abolished in the whole hippocampus, whereas the Hh-responding cells in the VZ of the ventral hippocampus were relatively unaffected. Thus, the relative intactness of the SGZ in the dorsal hippocampus of Emx1-Shh cKOs can only be accounted for by the Hh-responding cells retained in the ventral hippocampus, which appear sufficient to serve as the source for the NSCs of the SGZ in the dorsal hippocampus. Indeed, genetic fate-mapping analysis with Gli1-CreERT2 line in the Neurod6-Shh cKO background demonstrated that descendants of the Hh-responding cells from the perinatal age can contribute to the inner granule cell layer and NSCs in the SGZ by P15 even in the absence of the de novo local Hh-responding activity in the DG. We conclude from these different lines of genetic evidence that embryonic NSCs from the ventral hippocampus contribute to the LL-NSCs in the DG throughout the longitudinal axis of the hippocampus. The functional significance of this ''mosaic'' organization of the dentate gyrus with regards to the distinct involvement of the dorsal and ventral dentate in spatial learning versus emotional processing is quite interesting to consider. At this point, our data do not allow hard conclusions to be drawn regarding the nature of this developmental relationship; however, our elucidation of the developmental origin for the LL-NSC in the dentate is important. In the future, using selective reagents that target ventrally derived LL-NSC selectively should allow novel insights into the circuit and functional relationship between these two divisions of the dentate.
Shh Sources for the Perinatal and Postnatal Dentate Gyrus Previous studies suggested that an Shh source from the septum via the septohippocampal projection regulates both SGZ establishment (Machold et al., 2003) and maintenance (Lai et al., 2003) . Our analysis of Hh-responding cells with Gli1-nLacZ line in the Emx1-Shh cKO background shows that Shh from pallial sources is exclusively responsible for all the Hh-responding activity in the hippocampus throughout the septotemporal axis, except the VZ of the ventral hippocampus. The findings in this study argue against the direct contribution of Shh from the septum. Shh was also suggested to be a target gene of Sox2 in the DG NSCs, and thus NSCs are proposed to be the Shh source for the feedback regulation (Favaro et al., 2009 ). However, our cumulative fate-mapping analysis with the Shh-gfpcre does not seem to mark any NSCs in the DG and, more importantly, removal of Shh from the differentiated neuronal lineage by Neurod6-cre is sufficient to abolish literally all the Hh-responding activity in the DG, supporting the idea that Shh involved in the regulation of adult SGZ mainly comes from neurons rather than other local cell types (either astrocytes or progenitors).
Relationship between the Mediolateral and Temporoseptal Migratory Streams during Dentate Development Previous studies revealed the successive development of germinative matrices at different locations during the formation of the DG Bayer, 1990a, 1990b) . Around the beginning of the third week of gestation in mice, the primary matrix is noticeable at the VZ of the dentate primordium, whereas the secondary matrix develops in the SVZ of the dentate primordium throughout the third week of gestation (Li et al., 2009) . At perinatal ages, the secondary matrix dissolves into two components (Altman and Bayer, 1990a) : the extrinsic component extends subpially and forms the transient neurogenic niche that gives rise to the outer shell of the GCL (Li et al., 2009) , whereas the intrinsic component invades the hilus and gives rise to the tertiary matrix (Altman and Bayer, 1990a) . During the second postnatal week, the tertiary matrix progressively gives way to the SGZ (Altman and Bayer, 1990a; Li et al., 2009 ). In addition to this well-recognized stream originating from the VZ of the dentate at the equivalent longitudinal level, which migrates in the mediolateral direction, in this study we provide evidence for the presence of another stream, originating from the VZ of the ventral hippocampus and spreading in the temporoseptal direction (red arrow in Figure 3J ). These two different streams appear to converge at the entrance of the hilus in close proximity to the pial meninges. In the Emx1-Smo cKO, the extrinsic component (the subpial component) is only moderately affected, whereas the intrinsic component is severely compromised, supporting the idea that the mediolateral migratory stream is Hh independent and mainly contributes to development of the outer shell of the suprapyramidal blade, while the temporoseptal migratory stream originating from the ventral hippocampus is Hh dependent and mostly contributes to the development of the tertiary matrix, the inner shell of the DG and the prospective SGZ.
Previous work using minimal aggregation chimeras indicated that the outer portion of the dentate granule cell layer had a developmentally divergent origin from the bulk of the granule neurons residing in the inner portion of the granule cell layer, which are believed to arise from SGZ progenitors (Martin et al., 2002) . In this assay, it is difficult to dissect when and where the chimeric LacZ aggregates came from at the anatomical level. Our genetic fate-mapping analysis using the Gli1-CreERT2 line with tamoxifen induction shows that the inner and outer portions of the dentate have distinct but somewhat overlapping temporal origins between embryonic days 15.5 (E15.5) and P0. As well, our identification of the ventral source of the LL-NSCs further supplies an anatomic distinction between the births of embryonically produced DGC at widespread septotemporal levels, while providing evidence for a distinct anatomic origin for the SGZ NSCs.
In summary, we have provided evidence linking the developmental origin of the LL-NSCs in the adult dentate gyrus to the germinative VZ in the ventral hippocampus. We believe that this finding will lead to a new framework to understand the general paradigms for retaining the LL-NSCs in the different anatomical structures in the adult brain.
EXPERIMENTAL PROCEDURES Animals
The following mouse lines were obtained from Jackson Laboratory: Gli1-nLacZ (stock 008211), Gli1-CreERT2 (stock 007913), Ai14 (stock 007914), Rosa-Yfp (stock 006148), Emx1-cre (stock 05628), Nes-Cre (stock 003771), 
Environment Enrichment
For environment enrichment, six to ten mice were housed in the One Cage 2100 system, which is almost triple the size of the regular cage. The cages were also equipped with igloos, tunnels, running wheels, and various toys.
Tamoxifen Induction
Tamoxifen (T5648, Sigma) was dissolved in corn oil (C8267, Sigma) at 20 mg/ml. Pregnant females were administrated intraperitoneally (i.p.) with 3 mg of tamoxifen per 40 g animal. Neonates were injected subcutaneously with 50 ml of tamoxifen stock solution.
LacZ Staining
Animals for LacZ staining were perfused with 2% paraformaldehyde (PFA) and the dissected brains were postfixed with 2% PFA for 2 hr at 4 C. Tissues were cryoprotected in 30% sucrose, embedded in OCT, and then kept at À80 C for long-term storage. Perinatal tissues were sectioned at 20 mm and P7 tissues at 16 mm. X-gal staining was developed at 37 C overnight in the staining solution (5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 5 mM EGTA, 0.01% deoxycholate, 0.02% NP40, 2 mM MgC1 2 , and 1 mg/ml X-gal). Sections were postfixed with 10% formalin at room temperature overnight. Slides were then counterstained with nuclear-fast red (H-3403, Vector Laboratories) at room temperature for 10 min before proceeding for dehydration (70%, 95%, 100% ethanol, xylene twice) and coverslipping with Mount-Quick (Ted Pella).
Immunohistochemistry Animals were perfused with 1 3 PBS followed by 4% PFA. Dissected brains were postfixed in 4% PFA overnight. They were then cryoprotected in 30% sucrose until they sank. Brain tissues were embedded in OCT and kept at À80 C. Brain sections made on a cryostat at 12 mm were directly collected on slides for perinatal tissues or cut at 30 mm for P15 or older tissues as floating sections in 1 3 PBS and mounted onto slides after staining. Sections were stained with the following primary antibodies overnight at 4 C in blocking buffer: 10% lamb serum, 0.3% Triton X-100, 0.05% NaN 3 in 1 3 PBS; they were then rinsed in wash buffer (0.3% Triton X-100 in 1 3 PBS) three times. They were further stained with the Alexa Fluor-conjugated secondary antibodies (Invitrogen) in the same blocking buffer for 2 hr at room temperature and counter stained with DAPI for 0.5 hr. Primary antibodies were used as follows: rat anti-GFP (1:1,000; Nacalai Tesque), rat anti-Ctip2 (1:1,000; Abcam), rabbit anti-Blbp (1:1,000; Chemicon), rabbit anti-Calretinin (1:1,000; Chemicon), rabbit anti-Ki67 (1:500, monoclonal antibody; Neomarker), rabbit anti-Tbr2 (1:1,000; gift from Dr. R. Hevner, University of Washington), rabbit anti-Gfap (1:1,000; Dako), rabbit anti-Laminin (1:500; Sigma-Aldrich), rabbit anti-Otp (1:1,000; gift from Dr. F. Vaccarino, Yale University), guinea pig anti-Sox10 (1:1,000; gift from Dr. M. Wegner, Institut fü r Biochemie), rabbit anti-Olig2 (1:1,000; gift from Dr. D. Rowitch, UCSF), rabbit anti-Dcx (1:500; Abcam), and rabbit anti-Sox2 (1:1,000; Epitomics).
Image Analysis and Quantification
Images were acquired using a Nikon E600 microscope equipped with a cooled charge-coupled device camera (QCapture Pro; QImaging). For colocalization analysis, confocal images were taken with LSM 510 meta two-photon microscope (Carl Zeiss). Brain sections of the similar anatomical levels from five brains for controls or mutants were chosen for quantification. The densities of indicated cell types in each region were quantified and shown as percentage of the mean ± SEM for n given samples over the controls. Data were analyzed using two-tailed Student's t test with unequal variance. Any p value less than 0.05 was considered significant.
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